The techniques of resonant two-photon ionization ͑R2PI͒, UV-UV hole-burning, and resonant ion-dip infrared ͑RIDIR͒ spectroscopy have been employed along with density functional theory ͑DFT͒ calculations to characterize the hydrogen-bonding topologies of three isomers of benzene-͑water͒ 9 . Isomers I and II, with R2PI transitions shifted, respectively, by ϩ77 and ϩ63 cm Ϫ1 from the benzene monomer, have similar intensities in the R2PI spectrum. The signal from the third isomer ͑isomer III, shifted ϩ60 cm Ϫ1 ͒ is present at about one-fourth the intensity of the other two. The experimental RIDIR spectrum of isomer I bears a strong resemblance to the spectrum of the benzene-͑water͒ 8 D 2d -symmetry cubic structure identified in earlier work, but possessing an extra single-donor transition associated with the ninth water molecule. Using the S 4 and D 2d symmetry forms of the water octamer as base structures to which the ninth water molecule can be added, a total of nine ''expanded-cube'' structures are identified for W 9 arising from two distinct insertion points in the W 8 (D 2d ) cube (D1,D2) and three such points in the W 8 (S 4 ) cube (S1-S3). DFT calculations predict these to be spread over an energy range of less than 1 kcal/mol. Given that each of the nine ''expanded-cube'' ͑water͒ 9 structures contains five symmetry-inequivalent free OH groups, a total of 45 ''expanded-cube'' benzene-͑water͒ 9 conformational isomers are predicted. Structural and vibrational frequency calculations have been performed on seven of these to determine how the ͑water͒ 9 structural type and the attachment point of benzene to the structure affect the total energy and vibrational frequencies of the cluster. Based on a comparison of the experimental RIDIR spectrum with the calculated vibrational frequencies and infrared intensities, isomer I is attributed to the BW 9 (D1) structure in which benzene attaches to W 9 (D1) at the free OH of the water molecule which donates a H-bond to the ninth water. This structure has a calculated binding energy that is about 0.13 kcal/mol greater in magnitude than any other benzene-͑water͒ 9 isomer studied. The experimental spectra of isomers II and III are of insufficient quality to assign them to specific BW 9 structures with confidence. However, isomer II is most consistent with an S 4 -derived expanded cube structure ͑either S1 or S2), while isomer III shows characteristics consistent with a second D1-derived BW 9 structure in which benzene is attached at a position on the expanded cube remote from the ninth water.
I. INTRODUCTION
In the pursuit of quantitatively accurate descriptions of hydrogen bonding in water, the study of gas-phase ͑water͒ n clusters ͑shortened to W n hereafter͒ can play an important role as a testing ground for intermolecular potentials. A useful feature of these clusters is that their energeticallypreferred structures sample a range of H-bonding topologies, varying from cyclic for nϭ3 -5 to the first threedimensional networks when nϭ6 and 7 and then to cubic at nϭ8. [1] [2] [3] The unusual stability and high symmetry of the cubic water octamer have made it a particular focus of recent studies. Aside from the early work of Stillinger and David, 4 all recent calculations 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] agree that the lowest energy structure of the W 8 cluster is nominally cubic with the oxygen atoms of the water molecules taking up positions at the corners of the cube. There are 14 cubic W 8 isomers, that differ primarily in the orientations of the 12 H-bonds. 17, 18 Two of these cubic structures, with S 4 and D 2d symmetry, are calculated to be nearly isoenergetic and about 2 kcal/mol more strongly bound than the next nearest energy cubic isomer. 13, 19 The S 4 and D 2d structures may be viewed as a fusion of two cyclic tetramers, differing primarily in the direction of H-bond donation in the tetramer sub-units, with donation occurring in the same direction in the S 4 species and in the opposite direction in the D 2d species.
surface-attached probe molecule, individual vibronic transitions of a cluster of a given size and conformation can be interrogated with both mass and wavelength selectivity using resonant two-photon ionization ͑R2PI͒ time-of-flight mass spectroscopy ͑TOFMS͒. 25, 26 Hole-burning methods 3, 22, 27 are then used to divide complicated R2PI spectra into subspectra arising from different species present in the same mass channel. The infrared ͑IR͒ spectra of each species can then be recorded free from interference from one another using RIDIR spectroscopy. Because the OH group vibrates directly against the H-bond, the vibrational frequencies and IR intensities of the OH stretch fundamentals are sensitive functions of the number, type, and strength of H-bonds in which each OH group participates. When combined with density functional theory ͑DFT͒ calculations of the low-energy structures, harmonic vibrational frequencies, and IR intensities, definite assignments of the S 4 and D 2d symmetry water octamers of ͑benzene-water͒ 8 ͓hereafter shortened to BW 8 (S 4 ) and BW 8 (D 2d )] were possible.
The anticipation, based on the structure of ice, is that further structural changes will accompany the formation of larger W n and BW n clusters. One intriguing possibility raised by recent calculations is that fused-cubic structures will be among the lowest-energy forms of water clusters with nϭ12, 16, and 20. 6, 13, 28 Whether such structures do indeed compete with more compact networks and how the evolution of these structures occurs when n is not an integral multiple of four are open questions that are just beginning to be addressed. 10 , 29 Buck and co-workers have recently reported results from their investigation of intermediate-sized W n clusters (n ϭ8 -10) using a size-selected IR depletion scheme based on molecular scattering. 10, 29 They present an infrared spectrum for nϭ8 that results from an inseparable mixture of the S 4 and D 2d symmetry isomers of W 8 that are both present in the supersonic expansion. For nϭ9, they ascribe their IR spectrum to a D 2d -derived water nonamer structure, which can be formed by expanding the cubic structure of W 8 .
In the present paper we present results that utilize R2PI, UV-UV hole-burning, and RIDIR spectroscopies to record IR and ultraviolet spectra of three isomers of BW 9 . As with BW 8 , the comparison with calculations plays a crucial role in their assignment to particular structural isomers of BW 9 . A firm assignment for one of these BW 9 isomers is made as a D 2d -derived structure in which the ninth water expands one of the cyclic tetramer subunits to a cyclic pentamer, consistent with the assignment of Buck and co-workers 10, 29 on the bare W 9 clusters. The two other observed BW 9 species are tentatively assigned to an S 4 -derived expanded cube and a second D 2d -derived structure in which benzene attaches to a different OH group on the expanded cube.
II. METHODS
The experimental apparatus employed in this work has been described previously. 25 The experimental methods and expansion conditions used to form the BW 9 clusters are similar to those used in our studies of BW 8 , to which the reader is referred for details. 27 In order to assist in the assignment of the experimental IR spectra, DFT calculations of the structures, binding energies, harmonic vibrational frequencies, and IR intensities of several isomers of W 9 and BW 9 have been carried out. The DFT calculations employed the Becke3LYP functional [30] [31] [32] and either the 6-31ϩG(d)/6-31G(d) ͑Refs. 33-35͒ or augcc-pVDZ ͑Ref. 36͒ basis sets. The former basis set employs a 6-31ϩG(d) description of the water molecules and a 6-31G(d) description of the benzene molecule, whereas the latter employs an aug-cc-pVDZ description of all atoms. Of these two basis sets, aug-cc-pVDZ is considerably more flexible, and the smaller 6-31ϩG(d)/6-31G(d) basis set was adopted due to computational demands of large basis set calculations on BW 9 . Several prior studies [37] [38] [39] [40] have shown that Becke3LYP calculations, even when using the 6-31ϩG(d)/6-31G(d) basis set, give structures and OH stretch frequency shifts for W n and BW n clusters close to the corresponding MP2 results.
III. RESULTS AND ANALYSIS

A. R2PI spectra
One-color R2PI spectra were recorded in the origin ͓Figs. 1͑a͒-1͑c͔͒ and 6 0 1 ͓Fig. 3͑a͔͒ regions of the S 1 ←S 0 transition of benzene, monitoring the BW n ϩ mass channels with nϭ6 -8, respectively. Vibronic frequency shifts for the clusters are reported with respect to either the 0 0 0 ͑38 086 cm Ϫ1 ͒ or 6 0 1 ͑38 609 cm
Ϫ1
͒ transitions of the benzene monomer. Since the S 1 ←S 0 transition of benzene is electric dipole-forbidden, the appearance of BW n transitions in the origin region reflects the breaking of benzene's symmetry by the W n cluster. The 6 0 1 transitions of the BW n clusters, ͑which are vibronically-allowed in the benzene monomer͒, are about 20 times more intense. As indicated in Fig. 1 have not been assigned to other clusters, and the assignment and characterization of these bands as arising from BW 9 clusters form the focus of the present paper. They are labeled by 3, 4, and 7 in Fig. 1 to match with the numbering used in the more intense 6 0 1 region in Fig. 3 . A characteristic shared by all B m W n neutral clusters is that they fragment following photoionization, thereby complicating the assignment of a set of transitions in a particular mass channel to a given neutral cluster size. Figure 2 displays histograms of the amount of fragmentation occurring in one-color R2PI studies of BW n clusters with nϭ1 -9. For clusters with up to five water molecules, there is efficient fragmentation by loss of a single water molecule. 25, 26, 41 In BW 6 and BW 7 , loss of a second water molecule also is observed, suggesting that an energetic threshold to this process is being reached at nϭ6. The ionized clusters have very different minimum-energy structures than do the starting neutral clusters. 42 The Franck-Condon factors to the adiabatic ionization threshold are therefore very poor, hindering two-color R2PI and producing ionized clusters in one-color R2PI with substantial internal energy, which can fragment subsequently.
There are several characteristics of transitions 3, 4, and 7 that lead us to assign them as arising from three BW 9 isomers.
͑1͒
The mass resolution of the measurement insures that the carriers of these R2PI transitions possess at least one benzene and eight water molecules. ͑2͒ The R2PI spectra in the BW 8 ϩ mass channel in the origin region ͓Fig. 1͑a͔͒ are dominated by the three features assigned to BW 9 . ͑3͒ All other features in the spectrum have been assigned to other clusters, including those containing more than one benzene molecule, which carry a distinctly different benzene concentration dependence ͑e.g., as B 2 W 8 ). ͑4͒ The assignment of the remaining transitions to BW 9 is consistent with the fragmentation patterns observed for smaller clusters. We have carefully followed these fragmentation patterns up from smaller cluster sizes, effectively assigning all transitions in so doing. ͑5͒ The alternative possibility would be that some of these transitions are due to even higher BW n clusters ͑e.g., BW 10 ), but if so, they do not appear in the BW 9 ϩ mass channel like one would anticipate. ͑6͒ UV-UV hole-burning ͑presented in the next section͒ prove that the three transitions assigned to BW 9 are due to unique species and not to vibronic transitions out of the same ground state. ͑7͒ Finally, as we shall see in Sec. III C, transitions 3, 4, and 7 each have unique infrared spectra which bear a close resemblance to the BW 8 cubic structures ͑especially in the case of isomer I͒, consistent with expanded-cube BW 9 structures.
The transitions assigned to BW 9 are shifted 60.0, 63.3, and 77.1 cm Ϫ1 from the S 1 ←S 0 origin of benzene monomer, respectively. The corresponding transitions in the 6 0 1 region, ͓also labeled 3, 4, and 7 in Fig. 3͑a͔͒, show greater fragmentation than do the corresponding origin transitions, appearing most strongly in the BW 7 ϩ mass channel ͓Fig. 3͑a͔͒. This reflects the additional 1040 cm Ϫ1 of energy potentially available to the cluster when ionization occurs via the 6 0 1 rather than the origin vibronic transition.
B. UV-UV hole-burning spectra
UV-UV hole-burning spectroscopy in the 6 0 1 region is used to distinguish whether the three transitions are due to different BW 9 isomers, or whether transitions 4 and 7 could be vibronic bands built off of transition 3. Hole-burning spectra are collected in the BW 7 ϩ mass channel with the holeburning laser tuned to transitions 1, 4, 5, and 7, are shown in Figs. 3͑b͒-3͑e͒ . The lower intensity and spectral congestion of transitions 2, 3, and 6 made it difficult to collect analogous hole-burning scans for these transitions. The hole-burning scans indicate that the congested R2PI spectrum of Fig. 3͑a͒ is the sum of several sub-spectra due to different species. In each case, the spectrum is dominated by a 6 0 1 doublet which is present due to the breaking of the degeneracy of vibrational mode 6 ͑of symmetry e 2g in the isolated benzene molecule͒ by W n . The lack of intermolecular progressions in the hole-burning scans indicates that the geometry changes in the clusters upon electronic excitation of benzene are small. As shown in previous work, 27 Most importantly for the present work, the UV-UV holeburning spectra shown in Figs. 3͑c͒ and 3͑e͒ prove that transitions 3, 4, and 7 arise from distinct structural isomers of BW 9 , and not from intermolecular combination bands of a single isomer. The 6 0 1 splittings ͑3.8 and 2.9 cm Ϫ1 ͒ of the two dominant isomers ͑4 and 7͒ are similar to those in the isomers of BW 8 ͑2.2 cm Ϫ1 ͒. The lack of a hole-burning scan for transition 3 leaves the 6 0 1 splitting of this isomer undermined and suggests the possibility that one member of the 6 0 1 doublet of 3 may lie underneath the 6 0 1 transitions of isomer 4.
The similar frequency shifts, 6 0 1 splittings, and fragmentation patterns of the three isomers of BW 9 suggests that they are close structural analogs of one another. Furthermore, the transitions straddle those of BW 8 , suggesting that the interactions between the benzene molecule and the various W 9 isomers are similar to those between benzene and W 8 , in its S 4 and D 2d structural forms.
C. RIDIR spectra
RIDIR spectra of the three isomers of BW 9 in the OH and CH stretch region of the IR are shown in Figs. 4͑a͒-4͑c͒. The RIDIR spectra were recorded with the UV laser tuned to transitions 7, 4, and 3 in Fig. 3͑a͒ , respectively, while monitoring the BW 7 ϩ mass channel. The frequencies and widths ͑FWHM͒ for each kind of OH stretch vibration are given for the three species in Table I . Like their BW 8 counterparts, all three BW 9 IR spectra show OH stretch absorptions assignable to one of four categories of O-H groups: ͑i͒ the free ͑nonbonded͒ OH stretch transitions appearing around 3715 cm Ϫ1 and marked by an F in Fig. 4 , ͑ii͒ the H-bonded OH stretch of the water molecule that is complexed to benzene's cloud and shifted down in frequency to about 3650 cm Ϫ1 , ͑iii͒ the double-donor interwater H-bonded OH stretches in the 3450-3600 cm Ϫ1 region ͑D͒, and ͑iv͒ the single-donor interwater H-bonded OH stretches in the 3100-3250 cm Ϫ1 region ͑S͒. The CH stretch fundamentals of the benzene molecule in each isomer are just barely observable as a Fermi resonance triad at 3048, 3074, and 3100 cm Ϫ1 , essentially unshifted from their values in free benzene.
The RIDIR spectra of the three BW 9 isomers are similar to one another and bear a distinct resemblance to the RIDIR spectra obtained previously 3, 27 for the two cubic water octamer structures of S 4 and D 2d symmetry in BW 8 (S 4 ) and BW 8 (D 2d ). This strong similarity is most clearly evident in comparing the RIDIR spectrum of . Apart from an extra single-donor transition appearing at 3286 cm Ϫ1 in the BW 9 spectrum, the two spectra are nearly identical. One would surmise on this basis that the BW 9 structure responsible for the spectrum is closely related to the BW 8 (D 2d ) structure, but with a ninth water molecule producing the ''extra'' single-donor transition at 3286 cm Ϫ1 . W 9 structures in which the W 8 (D 2d ) and W 8 (S 4 ) cubes are expanded to incorporate a ninth water molecule into one edge of the cube are most probable candidates for the structural motif present in the BW 9 isomers observed here. In pure W 9 clusters, the infrared spectrum observed recently by Sadlej et al. 10, 29 has been assigned to a single expanded-cube W 9 structure. Based on the qualitative appearance of our spectra, similar structures also appear to dominate in BW 9 clusters. The analysis which follows focuses on this possibility, which provides strong support for this structure in isomer I. As we will see, the other two isomers are less firmly assigned, and future studies will need to consider whether other BW 9 structures could play a role.
D. The expanded-cube isomers of W 9
A first step in exploring expanded-cube structures for W 9 is to determine the number of different ways a ninth water molecule can be inserted into the S 4 and D 2d symmetry cubic water octamers. As Fig. 6 shows, there are three unique positions for inserting a water molecule into the S 4 octamer ͑labeled 1-3͒, and two unique positions for doing so in the D 2d octamer. In the S 4 isomer positions 2 and 3 are distinct, while in the D 2d isomer they are equivalent. In each case, the ninth water molecule acts as single-acceptor/single-donor ͑AD͒, as anticipated. In addition, the free OH of the inserted water can assume axial or equatorial orientations as shown in Fig. 7 . For the D 2d -derived W 9 structure with the ninth water in position 1, the two orientations are equivalent, but for the other isomers they are distinct, leading to a prediction of nine expanded-cube W 9 isomers. A shorthand notation based on these considerations will be used in the remainder of this paper; namely, D 2d -derived structures with the ninth water molecule in the nth position (nϭ1, 2, or 3͒ with free OH dangling either axial or equatorial will be denoted as ''Dna'' or ''Dn,'' respectively. The analogous S 4 -derived expanded cube will be denoted ''Sna'' or ''Sn.'' E. DFT calculations on W 9 and BW 9 
Structures and binding energies of the W 9 isomers
Table II reports the relative energies of the nine expanded-cube W 9 isomers calculated using both the 6-31 ϩG(d) and aug-cc-pVDZ basis sets. The relative energies of the nine isomers obtained using these two basis sets are nearly identical, and, in the ensuing discussion, we will focus on the results obtained with the aug-cc-pVDZ basis set. The calculations predict the nine expanded-cube structures to lie within 0.80 kcal/mol of one another, with the D1 species being most stable, followed by the S2, S2a, S1a, and S1 clusters 0.34-0.37 kcal/mol higher in energy, and then by the S3, D2, D2a, and S3a clusters, 0.65-0.80 kcal/mol higher in energy. The relative energies are essentially unaltered by inclusion of either counterpoise corrections for BSSE ͑Ref. 43͒ or the contributions of vibrational zero-point energies ͑calculated in the harmonic approximation͒.
The main point of comparison between experiment and theory is the computed and experimental vibrational frequencies and infrared intensities. However, one also hopes for reliable relative energies in the computations. In general, Becke3LYP calculations cannot be used to correctly order different isomeric forms of water clusters that lie so close in energy. 44 However, the largest errors occur in comparing structures with very different hydrogen bonding topologies. The situation for the various inserted-cube W 9 clusters is quite different as the different isomers are so closely related structurally. In such a case, the Becke3LYP procedure will be much more reliable for predicting relative energies. We estimate that the relative energies are correct to within a few tenths of a kcal/mol.
The OO and OH distances of the Becke3LYP/ 6-31ϩG(d) optimized structures for a subset of the W 9 and BW 9 expanded-cube isomers are summarized in Table III. ͓The results obtained with the 6-31ϩG(d)/6-31 G(d) basis set rather than the aug-cc-pVDZ basis set are reported because we have a more complete set of results for the BW 9 isomers with the smaller basis set.͔ Comparison of the results in Table II and III reveals that the relative energies of the nine W 9 isomers correlate closely with the magnitude of the FIG. 7 . Binding energies and structures for the nine unique ''expandedcube'' W 9 isomers. The shorthand notation for the isomers specifies whether the structure is expanded from S 4 or D 2d water octamer, the position of substitution ͑1, 2, or 3͒, and whether the dangling hydrogen is axial ͑a͒ or equatorial ͑no designation͒. The binding energies shown have not been corrected for zero-point energy or basis-set superposition error. The ZPE correction changes the energy ordering of the S1 and S2 structures ͑Table II͒. (S 4 ) to W 9 (D1) and W 9 (S2a), respectively. The distortions are greater in the W 9 (S2a) cluster than in the W 9 (D1) cluster, consistent with the greater stability of the latter. This correlation between the amount of distortion of the cube and the stability of the W 9 isomer carries over to the other seven isomers. Formally, the W 9 (D1) and W 9 (S1) clusters can be constructed by inserting a water molecule into the 1 position of the corresponding W 8 clusters ͑Fig. 6͒. In analyzing the energetic consequences of this insertion, one can view it as a two-step process in which a H-bond in the W 8 structure is first broken in distorting the W 8 cluster into the configuration it takes in the W 9 isomer. In a second step, the two H-bonds to the ninth water molecule are formed upon its insertion. In position 1, the H-bond broken is an AAD→ADD (AADϭdouble acceptor/single donor; ADDϭsingle acceptor/double donor͒ bond of the octamer. On-the-otherhand, inserting a water molecule into the 2 or 3 positions of the octamers requires breaking an ADD→AAD bond. Since the AAD→ADD bonds are appreciably stronger than the ADD→AAD bonds, it is, at first sight, somewhat surprising that the nine W 9 isomers are so close in energy. To address this issue, the inserted ͑9th͒ water molecule was deleted from each of the nine isomers, and single-point calculations were performed on the resulting distorted W 8 clusters. The resulting energies are tabulated in Table IV . The distorted W 8 clusters derived from the W 9 (D1) and W 9 (S1) species are indeed predicted to be about 7 kcal/mol less stable than those derived from the W 9 (D2), W 9 (S2), and W 9 (S3) clusters, for reasons just discussed. However, a compensating effect occurs when the additional H-bonds are formed upon insertion of the ninth water molecule. In the W 9 (D1) and W 9 (S1) clusters the new H-bonds are AAD→AD and AD→ADD in nature; in the other clusters they are ADD→AD and AD→AAD. The AAD→ADD, AD→ADD, and AAD→AD H-bonds are strong and comparable in strength (Energy ϷS), the ADD→AAD bonds are considerably weaker (E ϷW), and the AD→AAD and ADD→AD bonds are intermediate in strength (EϷ1). Thus insertion of a water molecule into site 1 of the W 8 D 2d or S 4 cubes leads to an energy change ⌬E(1)ϭ2SϪSϭS. The corresponding energy change for inserting a water molecule into the 2 or 3 positions is ⌬E(2 or 3)ϭ2IϪW. If I were exactly equal to the average of S and W, then the energy changes ⌬E(2) and ⌬E(3) would be equal to ⌬E(1). Although ''I'' is not precisely 0.5(SϩW), this analysis explains why all nine expanded-cube W 9 isomers have similar energies despite the different points of insertion in the W 8 cube.
Calculated OH stretch infrared spectra of the W 9 isomers
The OH stretch spectra of all nine of the expanded-cube isomers were calculated with both the 6-31ϩG(d)/ 6-31 G(d) and aug-cc-pVDZ basis sets. The two sets of spectra are in close agreement, with an average discrepancy between the two sets of frequency shifts being about 14 cm
Ϫ1
. Consequently only results calculated with the smaller basis set are reported here, again to facilitate comparison with the calculated results for the BW 9 clusters. The results obtained with the larger basis set are available from the authors upon request.
The calculated OH stretch vibrational frequencies and associated frequency shifts for the nine expanded cube W 9 isomers are reported in Table IV . The corresponding IR spectra are shown as stick diagrams in Fig. 9 for easy visualization of the spectroscopic consequences of expanding the cubes in different ways. The axial isomers S2a, D2a, and S3a have virtually indistinguishable IR spectra from their equatorial counterparts, and so are not included in Fig. 9 or Table IV explicitly. The OH stretch spectra of the D1 and S1 forms of W 9 ͓Figs. 10͑a͒ and 10͑c͔͒ closely resemble those of the W 8 clusters from which they are derived ͓Figs. 10͑b͒ and 10͑d͒, respectively͔. This reflects the smaller distortions associated with insertion of a ninth water in position '1' rather than elsewhere in the cube. The major difference between the corresponding W 8 and W 9 spectra is the appearance of an additional transition in the single-donor OH stretch region of the W 9 IR spectrum, marked by an AD in Figs. 10͑b͒ and 10͑d͒. The normal modes responsible for these transitions are localized mainly on the inserted AD water monomer.
As one can see from Fig. 9 , inserting the ninth water molecule into the positions 2 or 3 of the W 8 cube ͑Fig. 6͒ produces much larger changes in the OH stretch spectra than position 1. This is consistent with the trends in the structural distortions discussed earlier. The most dramatic consequence of insertion in positions 2 or 3 is that the AD single-donor transitions ͑Fig. 9͒ move up to near 3450 cm Ϫ1 , almost entering the double-donor region. The smaller frequency shift of these transitions directly reflects the weaker AD→AAD H-bonds formed by the AD molecule when inserted in positions 2 and 3, compared to the AD→ADD H-bond formed when inserting in position 1. In addition, the double-donor OH stretch fundamentals of the isomers substituted in positions 2 and 3 have their intensity spread over more transitions and cover a wider frequency range than those substituted in position 1. The calculations predict, then, that the H-bonded AD stretch and double-donor regions provide a means of distinction between expanded-cube structures with substitution occurring in position 1 vs those in 2 or 3.
Finally, the calculated IR spectra for the W 9 isomers show similar frequency and intensity profiles to those obtained by Sadlej et al. 10 ,29 using a model potential. This potential also predicted the W 9 (D1) isomer as the global minimum form of W 9 , and much of the structure in their observed IR spectrum was assigned to this isomer, although potential contributions of other conformations to the experimental spectrum was recognized.
Structures and binding energies of the BW 9 isomers
Three isomers of BW 9 have been identified based on their unique UV and IR spectra. The RIDIR spectra of all three isomers show the general characteristics of expandedcube structures. However, there are 45 unique BW 9 structures which can be formed by complexing benzene to any of the five free OH groups on nine expanded cube W 9 structures, making unique assignments of the observed spectra to individual BW 9 isomers a daunting task. The nomenclature adopted for the benzene-͑water͒ 9 clusters builds on that used for the W 9 clusters, with the addition of a ''B'' preface to indicate the presence of the benzene molecule and an ''Om'' suffix to give the number m of the oxygen on the water molecule ͑Fig. 12͒ that forms the hydrogen bond to benzene, for example, BW 9 (S1a͑O8͒).
Geometry optimizations and vibrational frequency calculations, even with the smaller 6-31ϩG(d)/6-31G(d) basis set, are very time consuming for a molecule the size of BW 9 , and for this reason only a subset ͑seven͒ of the possible 45 expanded-cube BW 9 isomers were examined theoretically. One limiting possibility is that the three observed BW 9 isomers arise from a single W 9 isomer to which benzene is attached at various positions. To test this possibility, five of the seven isomers chosen for study are W 9 (D1) structures which differ only in their point of attachment to benzene. The other two isomers studied theoretically, BW 9 (S2a͑O8͒) and BW 9 (S1a͑O8͒), are representative examples of BW 9 isomers built from the low energy S1a and S2a isomers, sharing a common attachment point to benzene ͑at C8͒. Table V lists the calculated relative energies and dipole moments for the seven BW 9 isomers described above. This table also reports the changes in the dipole moments in going from W 9 to the BW 9 clusters. The five BW 9 (D1) isomers have a computed energy spread of only 0.35 kcal/mol ͑with-out vibrational ZPE corrections͒ with the energeticallyfavored attachment site being the free OH of W 8 ͓Fig. 11͑a͔͒ which acts as a H-bond donor to the inserted ͑9th͒ water molecule, and the least favored binding site being at the inserted water molecule ͑O9͒. The three positions which are remote from O9 ͑namely, O5, O6, and O7͒ are intermediate between these two extremes. The changes in the dipole moments in going from W 9 to BW 9 range from about Ϫ0.8 D to ϩ1.2 D. This is consistent with a sizable polarization interaction between the benzene molecule and the water cluster.
The BW 9 (D1͑O8͒) and BW 9 (D1͑O5͒) species were also examined at the Becke3LYP/aug-cc-pVDZ level of theory. The energy separation calculated between these two isomers with this larger basis set is nearly identical to that calculated with the 6-31ϩG(d)/6-31G(d) basis set ͑0.14 vs 0.17 kcal/ mol͒, lending further credence to the viability of the small 6-31ϩG(d)/6-31G(d) basis set for accounting for the relative trends for the various expanded cube BW 9 isomers.
Calculations on the BW 9 (S2a͑O8͒) and BW 9 (S1a͑O8͒) isomers probe the effect of benzene on S 4 -derived W 9 structures with the ninth water inserted in the two lowest-energy insertion points ͑1 and 2͒ of W 8 (S 4 ). The BW 9 (S2a) and BW 9 (S1a) structures predicted to be 0.24 and 0.37 kcal/mol, respectively, less stable ͑again without vibrational ZPE corrections͒ than BW 9 (D1͑O8͒). Inclusion of ZPE corrections destabilizes these two isomers relative to BW 9 (D1͑O8͒) by an additional 0.1-0.2 kcal/mol.
The interaction of a benzene ring with the W 9 cluster leads to significant changes in the oxygen-oxygen ͑and also OH͒ distances of the cluster. Figures 11͑a͒ and 11͑b͒ report the oxygen-oxygen distances that are changed by more than 0.005 Å in forming the BW 9 (D1͑O8͒) and BW 9 (S2a͑O8͒) isomers, respectively. Note that these changes are similar in magnitude to those induced in the W 8 cube by insertion of a ninth water molecule. As was found in our studies of smaller BW n clusters, the largest structural changes occur in the vicinity of the water molecule to which benzene is attached. The nature of the distortions is similar to that in BW 8 , 27 shortening the donor H-bond, and lengthening the acceptor H-bonds to the water attached to benzene.
Calculated OH stretch infrared spectra of the BW 9 isomers
The Becke3LYP/6-31ϩG(d)/6-31G(d) OH stretch harmonic vibrational frequencies, frequency shifts, and IR intensities of the seven BW 9 isomers described above are summarized in Table VI . The corresponding vibrational stick spectra of these isomers are presented in Fig. 12 for comparison with the experimental RIDIR spectra of Fig. 4 . For the BW 9 (D1͑O8͒) and BW 9 (D1͑O5͒) isomers the vibrational spectra were also calculated at the Becke3LYP/aug-cc-pVDZ The absolute binding energy of BW 9 (D1͑O8͒) is Ϫ103.40 kcal/mol. c Change in dipole moment in going from W 9 to BW 9 .
FIG. 11. Calculated ͓Becke3LYP/6-31ϩG(d)/6-31G(d)͔ minimum-energy structures for ͑a͒ BW 9 (D1(O8)) and ͑b͒ BW 9 (S2a(O8)) clusters. The signed numbers report the changes in OO distance that occur upon complexation of the W 9 cluster to benzene in angstroms. Only changes of greater than 0.005 Å are shown for clarity.
level. The OH stretch spectra calculated with this basis set are very similar to those obtained with the smaller 6-31 ϩG(d)/6-31G(d) basis set. Several deductions can be drawn from the calculated spectra.
͑1͒
As can be seen from Table VI, the position of benzene attachment produces H-bonded OH stretch transitions which are shifted about 10 cm Ϫ1 further ͑Ϫ52 to Ϫ54 cm Ϫ1 ͒ in the O8 isomers than in the others ͑Ϫ41 to Ϫ44 cm Ϫ1 in O5, O6, O7, and O9͒. The greater shift suggests the presence of a somewhat stronger H-bond in the O8 position, consistent with BW 9 (D1͑O8͒) being the most stable of the five possible BW 9 D1 isomers. ͑2͒ The presence of the attached benzene has little effect on the double-donor transitions ͑Fig. 12, Table IX͒, as one might expect since benzene attachment necessarily occurs at the free OH of a single-donor molecule. ͑3͒ The characteristic shifts of the AD H-bonded OH stretch frequency with position of water insertion noted earlier for W 9 are retained in the presence of benzene. The AD single-donor harmonic frequency for position 2 insertion in BW 9 (S2͑O8͒) ͓Fig. 12͑g͔͒ is over 100 cm Ϫ1 higher in frequency than any of the six position 1 stick spectra ͓Figs. 12͑a͒-12͑f͔͒. ͑4͒ Even within the position 1 isomers ͓Figs. 12͑a͒-12͑f͔͒, it is the AD band that is still most sensitive to the position of benzene attachment, giving a different look to the Intensity   3814  25  53  3813  24  56  3814  25  58  3813  24  58  3812  23  63  3813  24  63  3813  24  62  3812  23  57  3811  22  67  3811  22  63  3810  21  69  3810  21  62  3811  22  67  3810  21  60  3810  21  58  3810  21  61  3808  19  61  3808  19  68  3807  18  67  3808  19 single-donor region depending on the relationship between the benzene molecule and the AD water. In the O8 and O9 BW 9 isomers, the AD band appears at somewhat higher frequency ͓Figs. 12͑d͒-12͑f͔͒ than the other single-donor modes, thereby separating itself from them, while for the O5, O6, and O7 isomers the AD band appears amidst the other single-donor modes ͓Figs. 12͑a͒-12͑c͔͒. The O9 and O8 isomers have benzene attachment at or adjacent to the ninth water, while the O5, O6, and O7 isomers place benzene in a position remote from it. The similarity of the spectra of the O5-O7 isomers reflects this remote position, suggesting that one need only consider representative ''remote-benzene''isomers in comparing with experiment. ͑5͒ The calculated OH stretch spectra of BW 9 (D1͑O8͒) bear an especially close resemblance to that of BW 8 (D 2d ), as illustrated in Figs. 5͑c͒ and 5͑d͒. The two spectra differ primarily in that BW 9 (D1͑O8͒) has an ''extra'' singledonor transition ascribable to the inserted AD water molecule appearing on the high-frequency edge of the single-donor region. Thus, the addition of a ninth water molecule in position 1 of W 8 (D 2d ) ͑Fig. 6͒ has the least effect on the rest of the spectrum when benzene is attached at the O8 water. ͑6͒ The effect of benzene on the W 9 (S1) spectrum ͓Figs.
9͑c͒ and 9͑d͔͒ is somewhat more substantial in forming BW 9 (S1͑O8͒) ͓Fig. 12͑e͔͒. The AD band remains in its characteristic position for insertion point 1. However, the positions of the two strongest single-donor bands are split further in the presence of benzene, and the weaker single-donor bands gain significantly in strength. ͑7͒ The addition of benzene to W 9 (S2) retains the position of the AD band near the double-donor region ͓Fig. 12͑g͔͒, but induces changes in the single-donor region of W 9 (S2) ͓Fig. 9͑b͔͒. It would seem that the greater structural distortion imposed on the cubic octamer by insertion into position 2 is mirrored also in a greater sensitivity of this structure to benzene attachment.
F. BW 9 clusters: Comparison of theory and experiment
The representative set of BW 9 expanded-cube isomers explored in the calculations are here used to make tentative assignments of the three BW 9 isomers observed experimentally. One would anticipate that the observed structures would be among those computed to be most stable. However, since the energy differences between the BW 9 isomers are quite small, improvements in the theoretical treatment could lead to reordering, warning against placing too great an emphasis on binding energies alone. In addition, one could imagine that the kinetics of cluster growth might favor certain structures over others, a point to which we will return in the discussion section.
As has already been highlighted in Fig. 5 , the remarkable resemblance of the RIDIR spectrum of isomer I with that of BW 8 (D 2d ) makes a strong case for this BW 9 isomer incorporating a D 2d -derived expanded-cube W 9 structure. With the calculations now in hand, we can more firmly assign isomer I as the BW 9 (D1͑O8͒) structure. In particular, the double-donor region of isomer I retains the same single, unresolved transition in the double-donor antisymmetric stretch region ͓D-a in Fig. 5͑c͔͒ which characterized and distinguished the BW 8 (D 2d ) isomer from its S 4 -symmetry counterpart. 27 Second, the single-donor transition of the AD molecule is clearly observed on the high frequency edge of the single donor region, while the rest of the single-donor transitions are similar in spacing and relative intensity to the single-donor transitions in BW 8 (D 2d ). A comparison of the computed spectra of the five BW 9 (D1) isomers indicates that only the BW 9 (D1͑O8͒) isomer meets these criteria. At least for this isomer, then, the spectrum is unique enough not only to assign the type of expanded-cube W 9 structure present in isomer I, but also the position of attachment of benzene.
Much less firm conclusions can be drawn for the structures of isomers II and III. In both these cases, the RIDIR spectra are of somewhat poorer quality, hindering a clear assignment of the weaker transitions in the spectrum. Furthermore, the close proximity of transitions 3 and 4 leaves open the possibility that the 6 0 1 splittings of the two isomers overlap in the ultraviolet spectrum, particularly in transition 4 ͑isomer II͒. However, this overlap would be small, if present, and is not clearly evident in the RIDIR spectra of the two isomers. As a result, we proceed here to make tentative assignments of isomers II and III. However, further experi- FIG. 12 . Stick diagrams of the DFT calculated OH stretch vibrational frequencies and infrared intensities for ͑a͒ BW 9 (D1(O5)), ͑b͒ BW 9 (D1(O6)), ͑c͒ BW 9 (D1(O7)), ͑d͒ BW 9 (D1(O9)), ͑e͒ BW 9 (D1(O8)), ͑f͒ BW 9 (S2a(O8)), and ͑d͒ BW 9 (S1a(O8)).
mental and theoretical work is required before firm conclusions can be drawn about these isomers.
Several features of the RIDIR spectrum of isomer II ͓Fig. 4͑b͔͒ suggest an assignment as an S 4 -derived expanded-cube isomer, either BW 9 (S1) or BW 9 (S2). The broader, more highly structured double-donor region of the spectrum in Fig. 4͑b͒ is consistent with an S 4 -derived expanded cube. In our previous studies of BW 8 , 3,27 the RIDIR spectra of the BW 8 (D 2d ) and BW 8 (S 4 ) isomers were distinguished largely on the basis of a splitting of the doubledonor antisymmetric stretch transitions in the latter spectrum ͓see, for example, Fig. 10͑c͔͒ which appeared as a single, unresolved transition in BW 8 (D 2d ) ͓Fig. 10͑a͔͒. In the spectrum of isomer II of BW 9 ͓Fig. 4͑b͔͒, this portion of the spectrum is not a clear doublet, but is nevertheless distinctly broader and contains more substructure than the BW 9 (D1(O8)) spectrum above it. Furthermore, the H-bonded OH stretch appears at 3644 cm Ϫ1 , identical to that in isomer I(BW 9 (D1(O8))), consistent with an O8 attachment point ͑Table IX͒. Beyond this, two features of the spectrum argue more specifically for an assignment as BW 9 (S2). First, the band at 3422 cm Ϫ1 is either a combination band built off the single-donor region or the AD single-donor stretch. If it is the latter, its location so close to the doubledonor region points toward a BW 9 (S2) structure ͓Fig. 12͑g͔͒. Second, the presence of a single-donor transition as low as 2989 cm Ϫ1 is also suggestive of BW 9 (S2), whose calculated single-donor transitions are distinctly lower in frequency than for its S1 or D1 counterparts ͑Fig. 12͒. On the other hand, the single-donor region spans a wider range with a greater number of similar-intensity transitions than in the BW 9 (D1) isomer, seemingly more consistent with a BW 9 (S1) isomer ͓Figs. 12͑f͒ and 12͑g͔͒.
Isomer III is the minor isomer associated with transition 3 in the R2PI spectrum. While the RIDIR spectrum of this isomer lacks the clear identifying markers which could lead to a firm assignment, several of its characteristics are most consistent with a BW 9 (D1) isomer in which benzene is attached at a remote position, such as BW 9 (D1(O5, O6, or O7)). First, the double-donor region of the RIDIR spectrum ͓Fig. 4͑c͔͒ is similar in appearance to the BW 9 (D1(O8)) isomer's spectrum ͓Fig. 4͑a͔͒, consistent with a D1 isomer. Second, isomer III has a much larger origin-to-6 0 1 intensity ratio in the ultraviolet than the other two isomers ͑compare the intensity of transition 3, 4, and 7 in Fig. 1 to those in Fig. 3͒ . This ratio has been used in previous studies 26 as an indication of the degree to which the sixfold degeneracy of the benzene ring has been broken by complexation to W n . A change in this ratio suggests a unique attachment point for benzene for isomer III. Third, the RIDIR spectrum shows a H-bonded OH stretch at 3648 cm
Ϫ1
, corresponding to a frequency shift 4 cm Ϫ1 less than for isomers I and II ͑Table VII͒. According to the calculations, the H-bonded OH stretch transitions of the remote benzene isomers are characteristically smaller than the corresponding transitions for the O8 or O9 isomers. Finally, the single-donor region is more compact in isomer III than for isomers I and II, suggesting that the AD water molecule's single-donor stretch is moved down into the region where the other single-donor bands exist, as calculated for the O5-O7 isomers ͓Figs. 12͑a͒-12͑c͔͒.
IV. DISCUSSION AND CONCLUSIONS
The present paper on the structural isomers of BW 9 builds directly on our recent assignment of UV and IR spectra of two BW 8 isomers to the S 4 and D 2d symmetry, cubic W 8 structures to which benzene is surface-attached via a H-bond. 3, 27 Given the unique structural stability of these cubes, their potential as building blocks for expanded-cube structures is obvious. The ultraviolet transitions due to three BW 9 isomers have been identified through R2PI-TOFMS and UV-UV hole-burning spectroscopy with two being redshifted and the other being blue-shifted with respect to the BW 8 UV transitions. A comparison between experiment and theory has led to a firm assignment of isomer I as BW 9 (D1(O8)); that is, as a D 2d -derived BW 9 structure in which the ninth water is inserted in position 1 with benzene H-bonded to the O8 water ͓Fig. 11͑a͔͒. The two other isomers are less easily assigned from their infrared spectra. The second major isomer ͑isomer II͒ shows many of the spectral characteristics expected for a BW 9 (S1 or S2) structure, while the minor isomer ͑isomer III͒ has some features which suggest a BW 9 (D1) structure in which benzene is attached at a position remote from the ninth water molecule ͑O5-O7͒.
The present study highlights both the power and limitations of the RIDIR technique. In the cluster size regime of interest here, an increasing number of different water cluster structures exist with similar H-bonding topologies and total binding energies. Techniques which are size-selective, but not conformation-selective, produce infrared spectra which are the population-weighted sum of those from the contributing conformational isomers. 10, 29 In RIDIR spectroscopy, on the other hand, the dual mass-and wavelength-selectivity provided by R2PI detection, selects out single conformations for study so long as unique vibronic features for each species can be found and monitored in the R2PI spectrum. However, the necessity for an ultraviolet chromophore in the cluster ͑e.g., benzene͒ further increases the number of isomers which can be formed, in the present case through the number of different ways by which benzene can attach to each W n structure.
In a sense, it is quite remarkable that only three BW 9 isomers are identified in the R2PI spectrum, given the fact that there are 45 expanded-cube BW 9 minima which are expected to be very close in energy. Clearly the expansion is remarkably efficient at selecting for a few of these structures, presumably based largely on energetics. The fact that expanded-cube BW 9 structures are observed ͑and not those incorporating other three-dimensional W 9 networks͒, could reflect not only the stability of these structures but also the dominance of cubic W 8 structures in the expansion which can serve as precursors to the expanded-cube water nonamers. In this viewpoint, the tentative assignments of the two dominant isomers as D 2d -derived ͑isomer I͒ and S 4 -derived ͑isomer II͒ expanded cubes is a logical extension of the roughly equal populations of the W 8 (D 2d ) and W 8 (S 4 ) clusters noted in our earlier studies of BW 8 . 27 Benzene attaches to the W 9 subcluster on its surface via a H-bond with a free OH group on W 9 . The fact that the benzene molecule binds to W 9 selectively at certain sites suggests that benzene either samples these different sites during cluster formation/cooling or is annealed into the lowestenergy sites by subsequent two-body displacement collisions following initial attachment at a less strongly bound site.
Finally, it is worth commenting briefly on the potential for extending RIDIR studies to even larger BW n clusters. The incorporation of benzene into the cluster as an ultraviolet chromophore has been a useful device for studying the H-bonding topologies of the W n subclusters with only minimal interference from the aromatic molecule used for size and conformation selection. However, binding of benzene to W n is via a weak, nonspecific H-bond which can occur at essentially any free OH group in the cluster with little energetic differentiation. For such systems, even the dual massand wavelength-selectivity of the RIDIR technique is nearing its limits at the present cluster size for recording IR spectra of single conformational isomers free from interference from one another. Aromatic molecules with H-bonding sites will reduce the number of structures by selecting for those involving the H-bonding site͑s͒, but the perturbations on the W n subcluster will be heightened as well. As a result, experimental studies of even larger BW n clusters will need to focus on broader-brush issues such as the types of cluster structures which are formed in a given size regime at the expense of a sure knowledge that the IR spectra are from a single size and conformation of cluster.
At the same time, the task of computing the structures and IR spectra of all possible isomers using ab initio or DFT methods is also an increasingly daunting one. Recent developments in semiempirical potentials ͑e.g., the EMP potential of Buch and co-workers 10, 29 ͒, fast-multipole methods for density functional calculations, 45 and linear scaling localized-orbital MP2 methods 46 hold promise for extending the size range of the structures which can be studied theoretically.
